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Abstract
We formulate a description of the deflection of a relativistic e− beam in an inhomogeneous
copper plasma, encountered by the beam when propagating through a accelerating cell that has
undergone a high electric-field RF-breakdown. It is well known that an inhomogeneous plasma
forms and may last for up to a few micro-seconds, until recombination in an accelerating structure
where a field-emission triggers melting and ionization of RF-cell wall deformity. We present a
preliminary model for the beam deflection due to collective plasma response based upon the beam
density, plasma density and interaction length.
We formulate a possible description of the deflection of a relativistic e− beam in copper plasma,
encountered by the beam when propagating through a CLIC accelerating cell that has undergone a
high electric-field breakdown[1]. Using the information from [2], we know that an inhomogeneous
plasma forms [3] (captured in Fig.1) and may last for up to a few micro-seconds, until recombination.
Just as a light beam bends away from normal when propagating from a denser to rarer medium
(higher refractive index to lower index medium). Similarly, it has been proposed [4] and experi-
mentally observed [5] that a relativistic beam bends away from its propagating axis when exiting a
plasma (denser plasma) into vacuum / neutral medium (lower plasma density).
As introduced in [4][5][6] the collective refraction of a relativistic beam in plasma is orders of
magnitude larger compared to beam bending due to random scattering in a neutral medium. To
demonstrate this the authors have used a comparison, a 30GeV beam through 1mm water cell
bends due to random scattering by a rms-scattering angle of 20µrad. The same beam going through
a plasma / neutral (or vacuum) interface can undergo 1mrad of bending angle. Even though the
plasma used is 10−7 times the density of water. This is due to the collective response of the plasma.
1 Beam propagating in an inhomogeneous plamsa
When an e− beam of charge volume density nb propagates through a plasma of density n0 and nbn0 ≤ 1
(over-dense), the beam e−s space-charge fields at the head of the beam, repel the plasma-e−s of the
order of plasma electron density. The region depleted of plasma e−s forms a region in the plasma
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Figure 1: Plasma density in a high electric-field breakdown cell simulated for a 20µm gap [3]
with excess plasma ions. The displaced electrons allow the remaining ions to short out the space-
charge electric field in the beam, but the magnetic pinch force of order of the beam space charge force
remains and provides a net focusing force (or in the asymmetric case, a deflecting force). However,
in an inhomogeneous plasma (plasma density changing spatially) modeled as plasma-vacuum in-
terface (worst possible scenario), the density transition of the inhomogeneity is a step function. The
2
Figure 2: CALIFES probe beam properties
beam experiences an asymmetric plasma, one half of the cylindrical beam is in the plasma whereas
the other half is in the vacuum. Due to this imbalance of force on the beam due to the electron de-
pleted region in the plasma, a deflecting force is applied on the e−-beam, resulting in a net deflection.
The highest possible deflection angle, θ can be estimated form the impulse due to the focussing
force of the electron depleted region, F⊥.∆t. The electron depleted region (modeled as a half-
cylinder of uniform charge equal to the beam charge) exerts a force on the beam, F⊥ = −eE = 2nbe2rb
(Coulomb’s law). The time spent within a CLIC cell composed of such an inhomogeneous plasma
sustaining an electron depleted region due to beam electrostatic fields is ∆t = Wc , where W is the
width of a CLIC cell. The deflection angle can be estimated by p⊥p‖ =
F⊥.∆t
γmec
.
θ =
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γmec
= 2
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Taking the following parameters, modeled after data from fig.[1] and fig.[2] for CALIFES probe-
beam.
N = 0.2 × 1010
σz = 1.4 ps × c = 0.04 cm
∆W = 0.15 cm
γ = 392
re = 2.28 × 10−13 cm
rb = 0.001 cm (assumed 10µm) (2)
With these parameters we estimate a worst case deflection angleθinhomogeneous, for the asymmetric
plasma channel, per CLIC cell of ' 137 mrad .
3
2 Beam propagating at an angle to the plasma-vacuum interface
When an e− beam of charge volume density nb propagates through a (under-dense) plasma of den-
sity n0 and
nb
n0
> 1, the beam e−s space-charge fields at the head of the beam, repel the plasma-e−s
out to rc = α
√
nb
n0
rb [7], on each side of the axis of the beam (where rb is the beam radius). The
region evacuated of e−s forms an ion-channel, this exerts a focussing force upon the propagating
beam. However, at the plasma-gas or plasma-vacuum interface, the ion-channel terminates leading
to asymmetric fields on the beam, on either side of such an interface. Due to this boundary effect,
a deflecting force is applied on the e−-beam in addition to the focussing force, resulting in a net
deflection at the boundary.
If the e− beam propagates at an angle of φ to the axis of the plasma. This deflection angle, θ can
be estimated form the impulse at the boundary F⊥.δt. The ion-channel (modeled as a cylinder of
uniform charge) exerts a force on the beam, F⊥ = −eE = 2n0e2rc, which is calculated from Coulomb’s
law. At the edges of the column there is an electron sheath with charge equal and opposite to the
ion column, this sheath then repels the beam charge and causes the deflection. The time spent near
the edge of the ion-column is 2 rcsinφc . The deflection angle can be estimated by
p⊥
p‖ =
F.δt
γmec
. With these
parameters we can estimate the deflection angle θ.
θinter f ace =
1
sinφ
8α
N
pi
√
2piσz
re
γ
(3)
As it can be observed from [5], the highest angle of deflection is when θ = φ. Also, the worst
case scenario is when φ << 1rad, hence sinφ ' φ. So, the equation in eq.4 is modified as below.
θinter f ace =
√
8α
N
pi
√
2piσz
re
γ
(4)
If we use the same parameters as in 2 for CALIFES probe-beam [1] with α = 1.
We estimate a deflection angle θinter f ace of ' 6 mrad .
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In a recent Brief Comment, the results of an experiment to measur the refraction f p rticle beam
were reported [P. Muggli et al., Nature 411, 43 (2001)]. The refraction takes place at a passive interface
between a plasma and a gas. Here the full paper on which that Comment is based is presented. A theo-
retical model extends the results presented previously [T. Katsouleas et al., Nucl. Instrum. Methods Phys.
Res., Sect. A 455, 161 (2000)]. The effective Snell’s law is shown to be nonlinear, and the transients at the
head of the beam are described. 3D particle-in-cell simulations are performed for parameters correspond-
ing to the experiment. Additionally, the experiment to measure the refraction and internal reflection at the
Stanford Linear Accelerator Center is described.
DOI: 10.1103/PhysRevSTAB.4.091301 PACS numbers: 52.40.Mj, 42.25.Gy
The refraction of light at an interface is as familiar as
rainbows and “bent” pencils in a glass of water. The refrac-
tion of charged particles at an interface bet een two media,
on the other hand, is not commonly considered. Take for
example the case of a 30 GeV electron incident on water.
The refraction takes the form of a small amount of random
scattering [1,2]—an rms scattering angle of 20 mrad after
1 mm. In this paper we report the collective refraction of
a 30 GeV beam of electrons at a plasma!gas interface that
is orders of magnitude larger than would be expected from
single electron considerations and is unidirectional. Al-
though the density of plasma nuclei is 107 times less than
that of the water example above, the collective response of
the plasma produces a deflection of the electron beam of
the order of 1 mrad. The electron beam exiting the plasma
is bent away from the normal to the interface in analogy
with light exiting from a higher index medium.
To understand the physical picture of this collective
refraction mechanism, consider the geometry shown in
Fig. 1. A dense beam of electrons is incident from the
plasma side on a planar boundary between a medium of
ionized plasma gas and unionized gas. For simplicity, we
neglect the small effect of Coulomb scattering by the gas
and treat the boundary as between plasma and vacuum. We
consider the case of dense beams or underdense plasmas
such that the beam’s density nb is greater than the plasma
density no . While the beam is fully in the plasma, the space
charge at the head of the beam repels the plasma electrons
out to a radius rc [3]. The remaining plasma ions con-
stitute a positive charge channel through which the latter
part of the beam travels. The ions provide a net focusing
force on the beam [4]. When the beam nears the plasma
boundary, the ion channel becomes asymmetric, producing
a deflecting force in addition to the focusing force. This
asymmetric plasma lensing gives rise to the bending of the
beam path at the interface. The bending of the beam by the
collective effect of the (passive) medium at the boundary
is the particle analog to r fraction of photons at a dielectric
boundary [5].
To estimate the order of magnitude of this deflection,
consider the simple case of the beam at the edge of a sharp
plasma boundary [Fig. 1(b)] of density no . The beam of
radius rb and density nb has a positive ion charge column
on one side of radius rc ! a"nb!no#1!2rb , wherea is 1 for
long beams [3] and approximately 2 for beams of length on
the order of the plasma wavelength [6] (due to a resonant
overshoot of the expelled electrons). For beams shorter
than the plasma wavelength "lp# there is not enough time
for the channel to reach its full extent and a can be
shown to scale as 4p szc!vp , where sz is the Gaussian bunch
length and c!vp is the plasma skin depth (! lp!2p !
c!
p
4pno 2!m ). At the edge of the column is a layer of
electrons with a total charge equal and opposite to that in
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FIG. 1. (Color) Schematic of refraction mechanism. (a) Side
view and (b) front view of beam and plasma illustrating how
asymmetric blowout creates a net deflection force.
1098-4402!01!4(9)!091301(3)$15.00 © 2001 The American Physical Society 091301-1Figure 3: Schematic of e
−-beam refraction at the exit of a plasma [6]
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